A new method has been developed for the detection of broken rotor bars fault in squirrel cage induction motor during startup regimes. The incipient detection of fault is made by using DWT analysis of FIR low pass filtered original startup transient current signal. The extracted particular characteristic evolution of the time-varying signal is used as a fault index. The method was tested using healthy and damaged 3.0kW squirrel cage induction motors under no-load conditions. The results indicate that the method yields a high degree of performance in fault identification.
Introduction
Squirrel cage induction motors are the main electromechanical energy conversion device of industry and are the most important energy-consuming equipment. Even if they are frequently used, owing to its ruggedness, robust construction, and low cost, they can however show defects. The failure of induction motors can result in a total loss of the machine itself in addition to a likely costly downtime of the whole plant. More importantly, these failures may even result in the loss of lives, which cannot be tolerated. Thus, health monitoring techniques leading to fault diagnosis and prediction of electrical machines and drives have attracted researchers in the past few years and are gaining an increasing attention. Among the various faults，broken rotor bars characterizing as latency and hidden nature do not initially cause an IM to fail, but they can cause serious mechanical damage to the stator windings if they are left undetected. What is more, due to the constructive characteristics of the squirrel cage rotor, the direct measurement of electrical magnitudes in this part of the machine is not possible. For this reason, the detection of broken rotor bars faults cannot be considered a problem completely solved. This is why, during these last years, the research effort done in the field of fault prognosis on broken rotor bars has been substantially increased as well as the budgets dedicated to that field [1] .
For the purpose of detecting fault-related signals, many monitoring methods have been developed so far. These techniques are based on the monitoring of vibration, temperature, motor voltage, and current. Motor current signature analysis (MCSA) is one of the most widely used techniques, being nowadays considered as standard. Broken rotor bars can be detected by monitoring the stator current spectral components, as identified by f b ＝(1±2s)f, where f b are the frequencies of sidebands due to broken rotor bars, f is the stator fundamental frequency, and s is the per-unit slip [2] . The presence of broken rotor bars is indicated by an amplitude difference between the fundamental frequency f and the left sideband f b . Despite being a very easy and convenient method for detecting rotor failures, the application of this method in an industrial environment has some drawbacks, which especially affect the diagnosis at no load condition [3] . In addition, there are other phenomena, different to broken bars, such as ball bearing defects or load fluctuations that can cause the appearance in the steady-state current spectrum of similar frequencies to those associated with the sideband components. If those harmonics have frequency values close to those of the sideband components, they can create confusion or even lead to a wrong diagnosis [4] .
The fact that the starting torque is always greater than the load torque during the startup regimes make the analysis based on startup transient currents an effective method avoiding load fluctuations for the diagnosis of mains-fed squirrel-cage motor with broken rotor bars. In [5] , the breakage of rotor bars in induction motors is diagnosed by extracted (1-2s)f component from the time-varying frequency spectrum of the stator current during the starting process. The concept of "wavelet ridge" was proposed in [6] for time-frequency analysis regarding the detection of rotor faults during the startup of the asynchronous machine. The identification of the characteristic pattern generated in the time-frequency plane by the left sideband harmonic has been used in [7] and [8] . The coefficients of the correlation of a custom continuous WT with the stator current vector are used in [9] as a discriminating factor. In [10] , transient-state analysis using DWT was carried out in order to observe f b behavior during motor start-up. The results show how f b shifts from f to zero and returns near to f. This capability of the DWT to examine the time-frequency evolution of a signal makes it a useful tool for analysis of the broken bar phenomenon. However，no matter what type wavelet for the desired purposes, there is no clear criterion to select the most adequate mother wavelet. What is more, the characteristic pattern does not clearly describe the whole evolution as a result of the identifiability is influenced by fundamental frequency component.
Including this introductory section, this paper is organized into five sections. In the second section, some basic considerations of MCSA approach and problem during the startup transient regimes are presented. Simulated current and evolution of left sideband harmonics during the startup transient is obtained from MATLAB/SIMULINK environments. In the third section, a breakage bars diagnosis method based on characteristic pattern evolution of left sideband component resulting from the DWT of the low pass filtered startup transient current is presented and the details of the algorithm are given. In Section IV, the application of the developed fault diagnostic techniques described in the third section to two broken rotor bars fault diagnostics is discussed. Experimental results of the healthy and fault motors, as well as the corresponding analysis of these results, are presented. Finally, conclusions are presented in the last section.
MCSA approach and problem statement during the transient regimes
As it is well known, breakage in the rotor cage winding result in current components being induced in the stator winding at frequencies given by
(1)
Where f b is the left sideband frequency associated with the broken rotor bar, f is the power supply frequency, s is the per unit motor slip [2] . The motor-load inertia also affects the f b magnitude. The information of left sideband frequency f b used under steady state could be expanded to the time-frequency domain. During the transient regimes, the diagnosis is not only based on the existence of specific frequency component f b in the spectrum but also consider when the fault component appears and how it evolves [11] .
Take start-up transient current obtained from tested motor under no-load as example, the left sideband frequency f b evolve in a characteristic way during startup, according to the expression (1) deduced for steady-state analysis. The frequency f b , at the beginning, is equal to the supply frequency −50Hz(negative sign denotes direction of movement of air-gap magnetic field relative to rotor). As the slip s decreases during startup, the left sideband frequency f b continuously decreases until becoming null when the rotor speed equals 750rpm/min or so. From this on, it increases again until reaching a value close to the supply frequency 50Hz when startup is over.
To confirm a theoretical evolution of the left sideband frequency f b during the startup transient, the startup was simulated by using the standard induction machine block in the MATLAB/SIMULINK environments. Table 1 gives the parameters used for the simulation. These parameters correspond to the 3.0kW squirrel cage induction motor used for the experimental validation and were obtained from the manufacturer's manual. Fig.1 illustrates simulated current Fig.1 (a) and evolution of left sideband harmonic Fig.1(b) during the startup transient for a 3.0kW four-pole motor with one broken bar. It can be observed clearly from Fig.1 (a) that for the no fast startup motor accelerate until steady state once the electromagnetic transient is over. At the same time, the left sideband harmonic f b evolve as sinusoidal wave whose frequency and amplitude vary continuously, following characteristic patterns, as shown in Fig.1 
Conclusion should be drawn from the above analysis that the startup current as shown in Fig.1  (a) is a typical multi-component time-varying signal among which harmonic components due to the breakage appear and evolve during startup regimes. In general, the startup current for a machine with a broken bar can be approximated by the addition of the 50Hz fundamental frequency component plus the other harmonic components evolution. However, due to the low amplitude of the harmonic components with respect to the fundamental component, it is not feasible to distinguish directly between the current for a faulty machine and that for a healthy one. How to extract the fault characteristic frequency component evolution under the heavy background of fundamental frequency, and how to remove the fundamental frequency, is becoming a key problem in startup current transient analysis. A novel method based on the application of low-pass filter and discrete wavelet transform (DWT) to the startup transient current will be applied for extracting the left sideband harmonic evolution during the startup and allowing the diagnosis of the broken bars. 
Proposed approach
The proposed method consists of three modules: data acquisition, preprocessor and fault diagnosis module. The purpose of data acquisition module is to capture single-phase stator startup current. This is accomplished by an anti-aliasing filter in order to avoid aliasing, eliminating those components that provide no useful failure information. The A/D converter samples the resulting anti-alias filtered current signal at a predetermined sampling rate. This is continued over a sampling period that is sufficient to achieve the required DWT. The preprocessor module is the base of the proposed fault diagnosis method，removing the 50Hz excitation component through FIR low-pass filtering. Signal noise that is present in the extracted characteristic pattern is also reduced by the filter. In the fault diagnosis module of this method, DWT is performed to the filtered startup transient signal for the purpose to extracted f b frequency component evolution which is used to a symptom of potential fault. To improve the monitoring capabilities of f b for the concerning frequency range and avoid overlapping between two adjacent frequency bands, it is very important to use high-order mother wavelet [7, 12] . The fault diagnosis module keeps only those fluctuation components that are of particular interest because they specify characteristic frequencies evolution in the wavelet decomposition spectrum that are known to be relevant to broken bars motor fault. When the swings appear in the wavelet time-scale spectrum, the module will report a fault; otherwise, the motor is considered to be operating normally. The schematic diagram of our method is given in Fig. 2 . The details of the method are given in the next two subsections.
Filter design using window function method.
Each filter category has both advantages and disadvantages. This is the reason why it is so important to carefully choose category and type of a filter during design process. When a rotor bar breaks, most of the important fault components are usually in the low-frequency region. From the view of ensuring effect of diagnosis, exactly extracting time evolution of the fault characteristic frequency component from startup signal is of greatest importance; nevertheless, the nature of the progressive evolution of breakage fault makes real-time not mandatory. Obviously, in such case it is necessary to have a linear phase characteristic, FIR low pass filter is the only option available. The application of this technique enables obtaining a filtered signal, which contains the time evolution of the components of the original startup current signal with frequencies below the predefined cut-off frequency. Wavelet decomposition signals resulting from the DWT of the filtered signal allows the detection of harmonic evolution that occurs when a rotor bar breakage has taken place.
It is very important to carefully choose the right method for FIR filter design. In this paper, the window function method is used to design the filter, due to its simplicity and efficiency. Table I resumes the main characteristics of the FIR low-pass filter used in our work. Table III presents design procedure of FIR low-pass filter using window function method. Table3 FIR low pass filter design with window function method
Step1. Specifying a window function according to the filter specifications.
Step2. Presenting the desired frequency response function H d (e jω ).
Step3. Calculating h d (n).
Step4. Modifying h d (n) by the selected window function w(n), computing the frequency response of designed filter h(n) using the following expression: h(n)= w(n)h d (n), n=0,1,…,N-1。
Wavelet decomposition of FIR low pass filtered signal.
Wavelet analysis as time-frequency analysis method has multi-scale analysis functions and ability of characterizing local features in time domain and frequencies domain. According to Multi-Resolution Analysis (MRA) notion of wavelet theory, the function space L 2 (R) could be divided into a series of orthogonal wavelet subspace [12] . The FIR low pass filtered discrete signal could be decomposed as
(
Where a N,k is the approximation coefficients at a scale of N shifted by k, d j,k are the detail coefficients at a scale of j shifted by k, φ[n] is the scaling function, and ψ[n] is the mother, φ N,k [n] are the scaling function at a scale of N shifted by k, ψ j,k [n] are the mother wavelet at a scale of j shifted by k, N and j is scale of decomposition，j=1,2…N. A N is the approximation signal at level N, and D j is the detail signal at level j. The expression of (2) shows that the wavelet analysis will break up the signal in several details and one final approximation.
The above discrete wavelet representation of the filtered signal x[n] is similar to the process of a filter bank. According to the filter-bank property of the DWT, an analysis level j bandwidths of the approximation A j and detail D j signal are related to sample rate f s according to (3)
From this bandwidth segmentation, it is possible to realize that the DWT shows the time variations of the selected frequencies in spectral bands defined by sample rate f s and j. The previous qualitative analyses show that breakage bars faulty conditions analyzed imply that oscillations reflecting the evolution of fault components appear in one or several wavelet signals. These oscillations lead to increases in the energy of the involved wavelet signals, which can be used as a basis for evaluating the healthy conditions of motors. The different components cover the entire frequency spectrum with different bandwidths. Table IV shows the frequency bands covered by the ten details obtained in the performed experiments. Coming not singly but in pairs, in the period of the aforesaid analysis, we found that Antonino-Daviu et al. in [7, 8] used the high-level signals resulting from the DWT of the transient starting current of an induction motor to detect a particular characteristic harmonic that occurs when a rotor bar breakage has taken place. They claimed that the result of early detection by analysis of characteristic pattern avoids some problems that the traditional method implies and that can even lead to a wrong diagnosis of the fault. The simulated evolution of the sideband harmonic both in frequency and amplitude has been presented in [13] . In relation to other diagnosis methods that make use of the DWT, such as [7, 8, 11] and [14] , the method proposed in this paper presents significant novelties. In all the above work, the DWT is directly used to extract the f b frequency evolution that are characteristic in several rotor faults, but without removing the fundamental component--and this makes it incomplete to detect the f b frequency evolution associated with rotor bar breakages during startup and the pattern are somewhat less concise. On the contrary, this paper focuses on using FIR low pass filter to eliminate fundamental component, and uses the identification method of the characteristic pattern established in [7] and [8] to diagnosis breakage fault. Indeed, in the proposed method, the elimination of this fundamental component is precisely what enables the detection of the breakage bars fault at startup regimes.
Experimental results
The proposed method has been applied to the analysis of a 3.0 kW induction motor. The test motor used in the experimental investigation was a three-phase, 50 Hz, 4-pole, 3 kW, 1420rpm/min induction machine, with several rotors of identical type, which can be interchanged. Each of them is a single-squirrel cage type rotor with 32 skewed bars. The motor mechanical load was provided by a separately excited dc generator feeding a variable resistor. The data acquisition system used basically consists of current transformer, signal conditioning circuit, DSP data acquisition card and a personal computer. Tests were carried out under two different conditions: in a healthy state and in a faulty condition in which two bars were broken by drilling. In both cases, the test was performed at absolute no-load conditions. In every case, 4s of single phase startup current were sampled at 5kHz. The measurements have been post-processed in MATLAB7.0. Fig. 5 (a) and 5(b) illustrate the application of the FIR low-pass filtering technique to startup transient signals obtained from healthy and faulty motor, respectively. In Fig. 5(a) and 5(b) , the upper graph is the startup current signal, whereas the graph below shows the filtered signal. There are clear differences between these waveforms. For the healthy machine the filtered signal remains a very low value due to the own imperfections of the rotor (Fig. 5(a) ), which means that there are no significant low-frequency components within the signal, whereas in the case of faulty machine ( Fig.  5(b) ), this signal resembles the theoretical waveform for the left sideband component f b during the startup transient, shown in Fig. 1 . Therefore, it can be concluded that for the machine with broken bar, the low-pass filtering enables the extraction of the harmonic components for the frequencies below the cut-off frequency of the filter. The striking similarity of the filtered signal to left sideband component f b might lead us to make hasty decisions that broken rotor bars fault occur in the motor. As a precautionary measure, DWT is performed to the filtered signal. Fig. 6 (a) and 6(b) shows the filtered startup current signal (s, at the top) and the wavelet decomposition signals resulting from the DWT with n=9(d9,…,d1) for healthy motor (Fig. 6(a) ) and two broken bars motor ( Fig. 6(b) ). It is observed in Fig. 6(a) that the amplitude of the filtered signal s remain very low and the details d6, d7, d8, d9 does not show any relevant pattern(Note: the initial fluctuation in detail d6 is mainly caused by electromagnetic transient and border effects but not by breakage bars fault.)This means that there are no significant low-frequency components within the signal. In other words, the motor is healthy. Fig. 6(b) shows the variation of wavelet decomposition detail signals d6, d7, d8 and d9 resulting from the DWT analysis of the filtered current signal during startup regimes. Regarding the details d6, d7, d8 and d9, a clear pattern can be observed. At the beginning of the startup, this oscillation appears within the detail d6. In detail d7, its frequency becomes below 39.06Hz, and the component penetrates within the detail d8. As time increases, the frequency decreases, moving to d9 near to 0Hz, successively crossing the frequency bands of d8 ([19.53-9.76 Hz]) and d7 ([39.06-19.53 Hz])again, and finally remaining within d6 when the steady state is reached. The pattern described above fits well the evolution during startup of left sideband harmonic frequency f b of the machine. This leads to the conclusion that a bar breakage is present on the machine. Fig.7 illustrates the wavelet decomposition for the filtered signals coming from the healthy and failed motors. The differences between Fig.7 (a) and 7(b) are evident when comparing the appropriate levels for both motors. As already established by Antonino-Daviu et al [7, 8] , the run of left sideband harmonic frequency f b when there are broken bars is clearly visible. In this way, the evolution of the f b along the startup is spread across three consecutive wavelet signals (d7, d8, and d9), with frequency bands covering from the 39.06Hz to near the 5Hz. A clear pattern can be observed in these signals. The portion of filtered signal s with decreasing frequency is reflected in the decomposition as a succession of oscillations moving from low details signal d7 toward high details d9. Each wavelet signal reproduces the portion of signal s, the frequencies of which are included within the wavelet signal. Accordingly, the portion of signal s with increasing frequency is reflected in the decomposition as a succession of pulses that move from high details d9 to low details d7. The oscillations fit well with the left sideband frequency evolution described above and also constitute a reliable signature for breakage bar fault identification.
Fig.4 Experiment setup and broken rotor used in the tests
In Fig.7 (b) the detail d6 practically reproduces the analyzed startup current. This is because, for the sampling frequency used, the frequency band corresponding to this signal is [39.06, 78.12] Hz and so includes the fundamental component of the current. At the beginning of the startup, this left sideband frequency f b evolution is included within the detail d6; consequently, it is masked by the fundamental component. Comparing Fig.7(b) with Fig.6(b) it is evident that the improvement obtained by suppressing the fundamental component in the wavelet decomposition allows clearer pattern and a better comparison between the healthy and failed motors and hence a better fault diagnosis of proposed method. Fig.7 Wavelet decomposition of the startup current for healthy motor (a) and two broken bars motor (b)
Conclusions
Even if MCSA is a good method for analyzing motor faults under constant load torque, an improvement is needed both in the case of no load or pulsating load torque. This paper proves that discrete wavelet analysis of the original startup transient current signal does not allow getting concise results. For this reason, FIR low pass filter was used to pre-process the startup transient current signal in order to suppress the fundamental frequency component effects. A methodology for the detection of squirrel cage induction motor faults is presented based on FIR low pass filter combined with discrete wavelet analysis of the aforesaid resulting filtered current. The experiments performed and the results obtained show that the proposed method achieves good results in the field of fault diagnosis for the induction motor. This method requires good knowledge of the signals and mother wavelet to improve the detection of faults.
